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ABSTRACT

Human Positive Coactivator 4 (PC4) is a multifaceted
chromatin protein involved in diverse cellular pro-
cesses including genome organization, transcription
regulation, replication, DNA repair and autophagy.
PC4 exists as a phospho-protein in cells which im-
pinges on its acetylation by p300 and thereby affects
its transcriptional co-activator functions via double-
stranded DNA binding. Despite the inhibitory effects,
the abundance of phosphorylated PC4 in cells in-
trigued us to investigate its role in chromatin func-
tions in a basal state of the cell. We found that casein
kinase-II (CKII)-mediated phosphorylation of PC4 is
critical for its interaction with linker histone H1. By
employing analytical ultracentrifugation and electron
microscopy imaging of in vitro reconstituted nucleo-
somal array, we observed that phospho-mimic (PM)
PC4 displays a superior chromatin condensation po-
tential in conjunction with linker histone H1. ATAC-
sequencing further unveiled the role of PC4 phos-
phorylation to be critical in inducing chromatin com-
paction of a wide array of coding and non-coding
genes in vivo. Concordantly, phospho-PC4 mediated
changes in chromatin accessibility led to gene re-
pression and affected global histone modifications.
We propose that the abundance of PC4 in its phos-
phorylated state contributes to genome compaction
contrary to its co-activator function in driving sev-
eral cellular processes like gene transcription and
autophagy.

INTRODUCTION

The integrity of the eukaryotic genome is maintained by
multiple factors which are functionally interconnected by
diverse mechanisms (1,2). Emerging evidences suggest that
non-histone chromatin associated proteins play critical role
in genome organization (3–8). Human positive coactiva-
tor 4 (PC4) is a highly abundant nuclear protein involved
in multiple cellular processes (7,9–12). It is reported to
activate gene transcription (9,10). Alternatively, it induces
chromatin condensation and is critical for genome integrity
(7,8). Its interaction with the core histones has been causally
related to chromatin compaction in vitro (7). It is likely that
chromatin compaction and transcriptional co-activation
are mediated through different forms of the PC4 protein in
a cell.

Post-translational modifications (PTMs) often con-
tribute to multifunctionality of chromatin proteins by reg-
ulating their subcellular localization or their recruitment
onto the genome via interaction with other cellular factors.
Majority of PC4 is present in the phosphorylated state in
cells and Casein Kinase-II (CKII) is predominantly respon-
sible for the in vivo hyperphosphorylation of the N-terminal
serine-rich acidic stretch (SEAC) (9). p300, on the other
hand, acetylates PC4 and impacts its coactivator function
through stimulation of DNA binding, DNA bending and
binding to transcription factors like p53 (13–16). Till date,
most of the studies that have focused on the roles of PC4
has been in the light of its coactivator function. Mechanis-
tically, CKII-mediated phosphorylation of PC4 counters its
co-activation function by gradual masking of the lysine-rich
region (9,14,17). Notwithstanding these negative effects of
phosphorylation on its coactivator roles, majority of the cel-
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lular PC4 still exist in the phosphorylated state and the im-
plications are currently unclear.

Linker histone H1 is an essential component of the higher
order chromatin organization (3,18,19). Single-base resolu-
tion *OH footprinting shows that H1 binds to the DNA en-
try and exit site of the nucleosome with the globular domain
of histone H1 interacting with the DNA minor groove at the
center of the nucleosome, symmetrically placed with respect
to the nucleosomal dyad (20). Extensive crystal structure
and cryo-electron microscopic studies have shown asym-
metric binding and location of H1 with respect to the nu-
cleosomal dyad which determines the twisting of the repeat-
ing tetra-nucleosomal structural units of 30 nm fibers (18).
Such studies provide a picture of linker H1 changing the
chromatin landscape. Linker H1 is also known to regulate
chromatin dynamics by interacting with other non-histone
proteins. H1 and the heterochromatin protein 1, HP1 inter-
acts in a subtype specific manner upon methylation of lysine
26 which is inhibited upon ser27 phosphorylation (21–24).
Acetylation of H1 at lysine, K,85 that occurs in response
to DNA damage promotes HP1� recruitment to facilitate
chromatin compaction (25). Thus, PTMs often regulate in-
teractions between architectural proteins to confer the dy-
namic state of the chromatin.

It is observed that absence of PC4 leads to increased ge-
nomic instability because of its involvement in resolving
G4DNA structures formed co-transcriptionally or its in-
volvement in DNA damage response (26,27). A recent study
has also shown PC4 depletion leading to drastic decom-
paction and altered nuclear architecture (8). However, these
studies have only addressed the consequences of the ab-
sence of PC4 on the genome but could not address the exact
molecular mechanism which regulates this function of PC4.
We establish here that phosphorylation of PC4 by CKII is
critical for the functional organisation of the genome by
PC4.

Earlier observation stated that PC4 does not interact with
linker histone H1, in vitro (7). However, here we report
that PC4 interacts with linker histone H1, only when it is
phosphorylated by CKII. This finding led us to explore
the role of phosphorylated PC4 in chromatin compaction
function. Intriguingly, we show that phospho-mimic PC4
efficiently compacts in vitro reconstituted nucleosomal ar-
ray and substantiates the role of phosphorylated-PC4 in
higher order chromatin organization in conjunction with
linker histone H1. Cellular evidence also suggested that ec-
topic expression of phospho-mimic and wild type PC4, but
not the phospho-deficient mutant, in PC4 knockdown cells
could compact the chromatin as the control cells, restoring
the global histone modification status. Encouraged by our
biophysical and cellular assays, we carried out Assay for
Transposase-Accessible Chromatin with high-throughput
sequencing (ATAC-seq) to understand the genomic regions
that are regulated by phospho-PC4. Presumably, this is the
first study to show that PC4 indeed exhibits greater chro-
matin inaccessibility in a phosphorylation dependent man-
ner and regulates a wide array of genes including both pro-
tein coding and non-coding RNAs. More importantly, ex-
pression of the wild type and phospho-mimic PC4 could
not only induce greater depletion of ATAC-seq peaks and
efficient chromatin binding but also led to the rescue of al-

tered gene repression. Collectively, we present evidence to
re-iterate that the chromatin function of PC4 is regulated
by its phosphorylation and can impart implications on sev-
eral cellular processes including autophagy.

MATERIALS AND METHODS

Expression and purification of recombinant proteins

Bacterially expressed recombinant N-terminal His6-tagged
linker H1 variants (used for in vitro interaction studies)
were subcloned in pET28b vector and purified using nickel-
NTA (Ni-nitrilotriacetic acid) agarose (Millipore). Mu-
tations in the N terminus region within the first serine
rich tract of PC4 were introduced by using the site di-
rected mutagenesis kit from Stratagene (QuikChange II XL
Site-Directed Mutagenesis Kit, Agilent Technologies, Santa
Clara, CA, USA) as per the manufacturer’s instructions.
A series of phospho-deficient mutants generated upon mu-
tating serine 13, 15, 17 and 19 in different combinations
to alanine were labelled as MTP3, MTP5, MTP6, MTP7,
MTP8 and MTP9 (Supplementary Figure S1B). Bacteri-
ally expressed untagged recombinant PC4, phospho-mimic
(PM-PC4) and phospho-deficient mutants of PC4 (MTPs)
were expressed using pET11a vector and purified by hep-
arin sepharose (GE Healthcare) and phosphocellulose P11
column chromatography (28). Recombinant core histones
(Xenopus) H2A, H2B, H3 and H4, which come in inclusion
bodies, were purified by denaturation in 8M urea followed
by renaturation as described elsewhere (29). Purification of
human linker histone H1was carried out as described else-
where (30).

For cellular studies, Flag tagged Wild type PC4, PM-PC4
and MTP5 were subcloned in mammalian expression vector
pFLAG-CMV-10.

Cell culture and stable transfection

Human cell lines (HEK293) were grown in the DMEM sup-
plemented with sodium bicarbonate, 100U·ml−1 Penicillin
0.1mg·ml−1 Streptomycin, 0.25�g·ml−1 Amphotericin B
and 10% heat inactivated FBS at 37◦C in 80% humidifier
air and 5% CO2. PC4 knockdown cell was generated us-
ing 10�g pGIPZ lentiviral shRNAs targeting PC4 (Open
Biosystems, Dharmacon, Lafayette, CO, USA) and helper
plasmids (5�g psPAX2, 1.5�g pRSV-Rev, 3.5�g pCMV-
VSV-G). 10ug of shRNA-plasmid was mixed with helper
plasmids (5�g psPAX2, 1.5�g pRSV-Revs, 3.5�g pCMV-
VSV-G) and were co transfected into HEK293T cells us-
ing lipofecatamine. Forty-eight hours post transfection me-
dia containing assembled virus was collected and its titre
was estimated. HEK293 cells were infected with the desired
virus and the infected cells were subjected to selection pres-
sure 72 h post transfection. Cells were grown in the presence
of 3�g·ml−1 puromycin for three passages to establish the
cell line. PC4 knockdown cells were then transfected with
pFlag-CMV-10PC4, pFlag-CMV-10PM-PC4 and pFlag-
CMV-10MTP5 plasmids using lipofectamine and media
change was given within 24 hours of transfection and cul-
tured under 1mg/ml dose of G418 selection.
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Micrococcal nuclease (MNase) sensitivity assay

Cells were grown in DMEM medium supplemented with
10% fetal Bovine serum (FBS). The nuclei were prepared
from packed cells suspended in hypotonic buffer (10mM
Tris–HCl, 10mM KCl and 15mM MgCl2) followed by 10
min incubation at 4 degree C. The nuclei were digested with
MNase (0.2U/�l) for different time points at room temper-
ature in nuclei digestion buffer (10% glycerol, 10mM Tris–
HCl pH 8, 3mM CaCl2, 150mM NaCl, 0.2mM PMSF).
MNase digestion was stopped by the addition of 10mM
EDTA and proteinase K at 37◦C for 30 min followed by
RNase A treatment for 1hr at 37◦C. The DNA was then ex-
tracted by phenol chloroform extraction and ethanol pre-
cipitation. 1ug of each of the samples were loaded on 1%
agarose gel and ran for 4–5 h in an Ethidium Bromide free
agarose gel electrophoresis system at 50 V for better reso-
lution of the MNase bands. The gels were then stained in
Ethidium bromide staining solution for 15 min before visu-
alization in Chemi-Doc system (Biorad).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.5% Triton X-100. Cells were then blocked us-
ing 1% BSA in PBS and probed with the indicated pri-
mary antibodies and species-specific secondary antibodies
(Alexa 568-conjugated anti-mouse). Cell nuclei were coun-
terstained with 0.1�g·ml−1 Hoechst 33258 (Sigma). Sam-
ples were visualized using a confocal microscope (Zeiss
LSM 880 Airyscan; Carl-Zeiss, Feldbach, Switzerland). Im-
ages were captured at 63x magnification. Assay was per-
formed in Flag expressing PC4 and PC4 mutant cell lines
and probing was carried out using anti-Flag antibody.

Nucleosome and chromatin reconstitution

DNA template for nucleosome assembly:
DNA templates of 12 × 177 bp tandem repeats of the 601

sequence were cloned and purified as described (31).
The sequence for the 177 bp DNA repeat is listed be-

low with 601 DNA sequence underlined:
GAGCATCCGGATCCCCTGGAGAATCCCGGT
GCCGAGGCCGCTCAATTGGTCGTAGACAGC
TCTAGCACCGCTTAAACGCACGTACGCGCTG
TCCCCCGCGTTTTAACCGCCAAGGGGATTAC
TCCCTAGTCTCCAGGCACGTGTCACATATATA
CATCCTGTTCCAGTGCCGGACCC
The respective histone octamers were reconstituted as

previously described (4). Equimolar amounts of individ-
ual histones in unfolding buffer (7M guanidinium HCl,
20mM Tris–HCl, pH7.5, 10 mM DTT) were dialyzed into
refolding buffer (2M NaCl, 10mM Tris–HCl, pH 7.5, 1mM
EDTA, 5mM 2-mercaptoethanol), and purified through a
Superdex S200 column. Chromatin arrays and 30-nm chro-
matin fibers were assembled using the salt dialysis method
as previously described with a minor modification (29).
The reconstitution reaction mixture with octamers and 601
based DNA templates were dialyzed over 16 h at 4◦C in
TEN buffer (10mM Tris–HCl, pH 8.0, 1mM EDTA, 2M
NaCl), which was continuously diluted by slowly adding in
TE buffer (10mM Tris–HCl, pH 8.0, 1mM EDTA) to lower

the concentration of NaCl from 2M to 0.6M. For histone
H1 incorporation, an different molar amount of histone H1
(relative to mononucleosomes) was added at this step and
further dialyzed in TE buffer with 0.6M NaCl for 3h, fol-
lowed by a final dialysis step in HE buffer (10mM HEPES,
pH 8.0, 0.1mM EDTA) for 4h. For PC4 and PM-PC4 the
proteins were added after dialysis in HE buffer. The recon-
stituted nucleosome was then subjected to AUC investiga-
tion and EM imaging.

Sedimentation velocity analytical ultracentrifugation

The chromatin samples with or without histone H1 or PC4
or PM–PC4 incorporation were prepared in HE buffer.
Sedimentation experiments were performed on a Beckman
Coulter ProteomeLab XL-I using a 4-hole An-60Ti rotor.
Samples with an initial absorbance at 260 nm of ∼0.5–0.8
were equilibrated for 2 h at 20◦C under a vacuum in a cen-
trifuge prior to sedimentation. The absorbance at 260 nm
was measured using a continuous scan mode during sedi-
mentation at 32 000 × g in 12 mm double-sector cells. The
data were analyzed using enhanced van Holde-Weischet
analysis and Ultrascan II 9.9 revision 1504. The S20,w val-
ues (sedimentation coefficient corrected for water at 20◦C)
were calculated with a partial specific volume of 0.622ml/g
for chromatin, and the buffer density and viscosity were ad-
justed. The average sedimentation coefficients were deter-
mined at the boundary midpoint, S50%(S). The data was
then plotted in MICROSOFT EXCEL.

Electron microscopy

The reconstituted chromatin samples were negatively
stained for which they are chemically fixed in 0.2% glu-
taraldehyde for 30min on ice. After fixation, the chromatin
sample was absorbed onto the glow-discharged 300 mesh
R2/1 Quantifoil (Quantifoil Micro Tools GmbH, Jena,
Germany) holey grids for 1–1.5min, blotted using 4s blot-
ting time at 100% humidity and stained with uranyl sulfate
to stain the protein white against a black background for
45s, blotted and dried for 1 min before imaging. The nu-
cleosomal array is prepared for metal shadowing for which
the sample is fixed in 0.4% glutaraldehyde for 30min on ice
and 1× spermidine is added before loading the sample on
to Copper grids and incubated for 2min blotted and washed
in water and alcohol gradient and dried. The copper grid
is then placed on a glass slide for metal shadowing using
a tungsten filament under a vacuum with 0.2 × 10−5 Torr
pressure at low voltage and 15–18 A current for 15min in ro-
tating condition. This allows the metal deposition to occur
on the surface of the negatively charged DNA so it appears
black against a white background during EM imaging. The
grids were transferred into an FEI Titan Krios electron mi-
croscope (FEI, Eindhoven).

Isothermal calorimetry

Isothermal titration calorimetry(ITC) measurements were
taken using a MicroCal iTC200 instrument (MicroCal,
Inc.). Aliquots (2�l) of Linker H1.1 at a concentration of
21�M were injected from the syringe into the cell of 240�l
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filled with 2�M of phosphoPC4 or mock-phospho PC4.
Titrations were conducted in 20mM Tris–HCl (pH 7.5),
0.2mM EDTA and 100 mM KCl buffer. To minimize the
contribution of dilution to binding heat, the protein solu-
tions were dialyzed against the same buffer prior to the ITC
experiments. Injections weremade at intervals of 120s, and
the duration of each injection was 0.4s. To ensure proper
mixing after each injection, a constant stirring speed of
1000 rpm was maintained during the experiment. The con-
trol experiment was performed via injection of buffer in
the ITC cell containing H1.1. All molarity calculations of
PC4 were conducted according to its reported molecular
mass 14.35kDa while H1 was taken as a monomer. The heat
change versus the molar ratio of the titrated products was
plotted and analyzed using the manufacturer’s software,
Origin 7.0, which yielded the stoichiometry (n, in terms of
the number of molecules of H1 per phospho-PC4 or mock
phospho-PC4) and the dissociation constant (Kd).

CD spectroscopy

The circular dichroism (CD) spectra of H1-stripped chro-
matin (0.6mg/ml) and complexes with individual different
modified forms of PC4 were recorded after incubation at
25◦C for 90 min or as indicated in the figures in 10mM Tris–
HCl–25 mM NaCl (pH 7.4). The spectra were recorded
at room temperature in a JASCO model J715 spectropo-
larimeter at settings from 250 to 300nm.

In vitro kinase assay

Bacterially expressed recombinant PC4/PC4 phospho-
defective mutants(1ug) was incubated with 1ul of casein Ki-
nase II (20 mU) from NEB in 1× Phospho buffer (50 mM
HEPES–KOH, pH7.6, 125mM NaCl, 10mM MgCl2, 6%
glycerol, 5mM DTT, 0.5mM PMSF) along with 10mM
ATP in a 20ul reaction mixture at 30◦C for 30min followed
by three replenishments with the same amount of enzyme
and ATP at a 1 h interval. The final incubation was pro-
longed for 12h after the last replenishment to ascertain
the completion of the reaction. The phosphorylation was
tracked by observing the mobility shift of phosphorylated
PC4 in 15% SDS/PAGE by Coomassie staining.

In vitro interaction assays

The histone H1 interaction ability of PC4 was characterized
by incubating 5ul of Ni-NTA beads with 1ug of His6-H1
and 250ng of recombinant untagged PC4 and PC4 mutants
in a final volume of 300ul in biochemical buffer containing
200mM KCl supplemented with 30mM imidazole at 4◦C for
3.0h. The beads were washed three times (1ml each) with
the incubation buffers. The Ni-NTA agarose pulldown com-
plexes were analyzed by western blotting using anti-PC4
polyclonal antibodies and anti-His antibody (sigma). Con-
trol experiments were performed with 5ul of Ni-NTA beads
incubated with 250ng of individual recombinant untagged
PC4 and PC4 mutants in the same buffer.

Chromatin fractionation

293 cells were collected from two 100-mm plates and washed
with 2ml of cold 1× PBS (plus PI). The cell pellet was resus-

pended in 2.5 times the volume of buffer A (0.3M sucrose,
60mM KCl, 60mM Tris–HCl, pH 8.0, 2mM EDTA and
0.5% NP-40 plus PI) and incubated on ice for 30min, fol-
lowed by a 5min spin at 2000 rcf at 4◦C. The cytoso-
lic fraction was collected. After one wash with buffer A,
the nuclei was resuspended in 2 times the volume of pel-
let in 100mM NaCl and 0.2%NP-40 containing mRIPA
(6 strokes in a 7-ml Dounce homogenizer) and spun at
6000rcf for 5 min. The supernatant was designated as nu-
clear extract (100mM). The pellet was similarly resuspended
in 2× pellet volume of mRIPA with NaCl concentrations
of 600mM and a 10min incubation on ice and this fraction
was then kept for flag immuno pull-down using M2 agarose
beads.

Immuno pull down

Flag-PC4, Flag-PM-PC4 and Flag-MTP5 stably trans-
fected in PC4 knockdown HEK293 cells were harvested
and washed once with 1× PBS and lysed by adding 1ml of
chilled lysis buffer (50mM Tris–HCl, pH 7.4; 150mM NaCl;
5mM EDTA; 1% triton X-100; 1X-Complete protease in-
hibitor). Cells were incubated at 4◦C for 1h with constant
mixing. Lysate was clarified by centrifuging at 13000 rpm
at 4◦C for 10 min and incubated with 30�l of anti-Flag M2
agarose beads (pre-washed and equilibrated in lysis buffer;
Sigma # F2426) for 3h at 4◦C with uniform mixing. The
beads were collected by centrifugation for 3 min at 2000
rpm at 4◦C and the supernatants were removed by aspi-
ration. The pellets were washed once with 1ml of cold ly-
sis buffer, twice with tris buffered saline (TBS; 50mM Tris–
HCl, pH 7.4; 150mM NaCl) and eluted in 30 �l of 500ng/�l
of 3X-FLAG peptide (Sigma#F4799) in TBS buffer. The
immunoprecipitated samples were then resolved in a 15%
SDS-PAGE and immunoblot analysis was done for verify-
ing the pulldown protein and their interacting partners.

Gene expression analysis using real time PCR

Total RNA from cells was isolated using the Trizol reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according
to manufacturer’s instructions. RNA was extracted from
∼2 × 104 cells. 0.5�g of RNA was reverse transcribed
using MMLV reverse transcriptase (Sigma, M1302) using
oligo-dT primers. Resulting cDNAs were quantified by RT-
PCR using KAPA SYBR FAST Universal qPCR master
mix (KAPA Biosystems, KK4601, Wilmington, MA, USA)
on the Stepone Plus RT-PCR platform (Life Technologies).
Amplification with specific gene primers was performed.
The housekeeping gene, �-actin was used for normaliza-
tion. The primers used for these analysis are listed in Sup-
plementary Table S1. Relative expression was normalized
to the endogenous control Actin using the 2−��Ct method.
Experiments were carried out in two technical triplicates,
and three biological triplicates. qPCR was performed using
SYBR Green (Sigma Aldrich, USA) and RT PCR primers
(See Supplementary Table S1).

Chromatin immunoprecipitation (ChIP)

The cells were cross-linked in 1% formaldehyde. The
crosslinking was quenched in 0.125M glycine, the cells were
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lysed in SDS buffer, and the chromatin was sheared using a
Bioruptor® Diagenode (Belgium) instrument. Five to ten
micrograms of antibody used in each ChIP. The antibody
and BSA-blocked protein G sepharose beads (GE Health-
care, USA) were added to the cleared sheared cross-linked
chromatin and incubated at 4◦C overnight. The beads were
then washed to remove non-specific binding with buffers
containing different salt concentrations. The DNA–protein
complexes were eluted from the washed beads using SDS-
sodium bicarbonate elution buffer. The eluates and input
were de-crosslinked at 65◦C for 6h. Proteinase K (Thermo
Fisher Scientific, USA) and RNase H (Sigma Aldrich,
USA) were added to the de-crosslinked lysates. The DNA
was extracted using the phenol:chloroform:isoamyl alcohol
method, followed by ethanol precipitation (1/10th volume
3M sodium acetate, pH 5.2, 20mg glycogen, and 2.5 vol-
umes of 100% ethanol) at –20◦C overnight. The DNA pel-
let was washed in 70% ethanol and dissolved in nuclease-
free water. ChIP-qPCR was performed using SYBR Green
(Sigma Aldrich, USA) and loci-specific ChIP primers
that were differentially accessible (see Supplementary
Table S2).

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq)

Library for ATAC-seq was prepared according to a pub-
lished protocol (32) using 50,000 intact cells as input. The
cells were spun at 500 × g for 5 min followed by a wash us-
ing 50 �l of cold 1 × PBS and centrifugation at 500 × g
for 5 min. Cells were lysed using cold lysis buffer (10mM
Tris–HCl, pH 7.4, 10mM NaCl, 3mM MgCl2 and 0.1%
IGEPAL CA-630) and spun at 500 × g for 10 min using
a refrigerated centrifuge generating the nuclei prep. The nu-
clei prep was then resuspended in the transposase reaction
mix (25�l 2 × TD buffer, 2.5�l transposase (Illumina) and
22.5�l nuclease-free water) 30min at 37◦C. Tn5 transposase
tagmentation simultaneously fragments the genome and
tags the resulting DNA with Illumina sequencing adapters.
DNA fragments were PCR amplified and subsequently pu-
rified using Qiagen MinElute PCR Purification Kit (Qi-
agen, Hilgen, Germany). Final library quality and quan-
tity were analyzed and measured by Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara,CA, USA) and
Life Technologies Qubit3.0 Fluorometer (Life Technolo-
gies), respectively. We conducted ATAC-seq from two bio-
logical replicates for each of the samples. Spearman’s corre-
lation of the ATAC-seq signal within consensus ATAC-seq
peaks was compared between the replicate batches for each
of the comparisons of PC4 versus PC4 KD, PM-PC4 versus
PC4 KD and MTP5 versus PC4 KD respectively indicate
reproducibility of the ATAC-seq analysis (Supplementary
Figure S8D–F).

Quantification of western blots and MNase digested nucleo-
somal DNA

The western blots and agarose gel for MNAse assays were
visualised using ChemiDoc Imaging system from Biorad.
The intensities of the bands in the western blots were quan-
tified using ImageJ NIH software and the intenisities of

the MNase digested nucleosomal DNA bands for each lane
were quantified using Image Lab software (Biorad). The
band intensity values for both western blots and MNase di-
gested nucleosomal DNA were plotted and analyzed using
Prism 7 (GraphPad Software, La Jolla, CA, USA).

Statistical analysis

The statistical analysis for S50 values in AUC was done by
paired t-test and ordinary one-way ANOVA, Sidak’s mul-
tiple comparisons test. Two-way ANOVA, Dunnett’s multi-
ple comparisons test (*P < 0.05,**P < 0.01,***P < 0.001, ns,
non-significant) was carried out for MNase sensitivity as-
say and for all the other assays ordinary one-way ANOVA,
Sidak’s multiple comparisons test was done considering P
value *P < 0.05,**P < 0.01,***P < 0.001, ns-non-significant.
All the tests were carried out by Prism 7 (GraphPad soft-
ware, La Jolla, CA, USA).

RESULTS

Casein Kinase II mediated phosphorylation of PC4 is critical
for its interaction with linker histone H1

Although PC4 has been found to be predominantly phos-
phorylated in vivo, its physiological relevance has not been
elucidated properly. The mass spectrometric analysis by Ge
et al. showed that no significant phosphorylation is ob-
served between residues 29 and 127 (9) and the potential
CKII phosphorylation sites are located within the residues
2–28 or the first serine rich acid tract (9) highlighted in
brown and labelled as SEAC domain of the protein (Fig-
ure 1A). Several phospho-defective mutant clones were gen-
erated mutating different serine residues to alanine either
singly or in combinations, labelled as MTP (Supplementary
Figure S1A and B, also see Materials and Methods). Two
such phospho-defective mutants, MTP5 and MTP6 (Figure
1B), were phosphorylated in an in vitro kinase assay using
commercially available Casein Kinase II (CKII) and their
phosphorylation status was confirmed by shift in the mobil-
ity of PC4 in 15% SDS-PAGE (Figure 1C). The results indi-
cate that the serine residues of PC4 indicated in Figure 1B;
13, 15, 17 are critical for CKII mediated phosphorylation
(Figure 1C and Supplementary Figure S1A, B). The associ-
ation of PC4 with chromatin is suggested to be through its
preferential interaction with different core histones except
the centromeric variant of histone H3, CENPA (7). Inter-
estingly, unmodified bacterially expressed wild type recom-
binant PC4 does not interact with linker histone H1 in vitro
(7). This might be because posttranslational modification of
these proteins is critical in mediating such association. The
linker histone H1 being an important chromatin compo-
nent has been reported to regulate functions of other non-
histone chromatin proteins like HP1� and HMG through
direct interactions with them (22,25,33). Since phosphory-
lation of PC4 is one of the most predominant posttransla-
tional modifications which inhibits transcription, we spec-
ulated that it could have an important role in chromatin
condensation. Further, since linker histone H1 is also in-
volved in chromatin compaction, we first intended to visu-
alize whether there is any direct association between linker
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Figure 1. Casein Kinase II mediated phosphorylation of PC4 is critical for its interaction with linker histone H1. (A) Domain organisation of PC4. (B)
Amino acid sequence of PC4 highlighting serine residues at 13,15,17 and 19 position, critical for CKII phosphorylation and Amino acid sequence of
phospho-defective mutants (MTP) indicating the critical serine residues mutated in different combinations in MTP5 and MTP6 mutants respectively. (C)
In vitro kinase assay performed using 600ng of wild type and phospho-defective mutants (MTP5 and MTP6) using ATP and CKII enzyme (lanes 1–3) and
only ATP for mock reactions (lanes 4–6). (D) An in vitro interaction assay was conducted following the kinase assay shown in Figure 1C of phosphorylated
PC4, MTP5 and MTP6 with His-tagged linker histone H1.1 was carried out by Ni-NTA pulldown and probed with anti-His antibody for the His tagged
H1.1 along with PC4 antibody. (E) In vitro interaction with his-tagged linker H1.1 using the mock controls (kinase assay without CKII enzyme) of PC4
and phospho-defective serine mutants (MTP5 and MTP6). BC refers to bead control which indicates the in vitro reaction set up without linker H1.1 for
both panels D and E. (F–H) In vitro interaction assay with P-PC4 (PC4 phosphorylated by CKII) and Mock P-PC4 (mock phosphorylated PC4 without
CKII) with different His-tagged linker histone H1 variants H1.2, H1.3, H1.4 respectively was carried out by Ni-NTA pulldown following an in vitro kinase
assay by CKII and probed with anti-His antibody for the His-tagged H1 variants along with PC4 antibody (compare lane 2 versus lane 4 for IP panel in
Figure 1F–H).
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histone H1 and phospho-PC4. We expressed His-tagged
linker H1.1 and unmodified wild type recombinant PC4
which is untagged (mentioned as PC4 in Figure 1D) in bac-
terial expression system and observed that PC4 interacts
with linker histone H1 only when it is phosphorylated (Fig-
ure 1D, lane 3). As expected, the phospho-defective mutants
(MTP5 and MTP6) failed to do so (Figure 1D, lane 3 ver-
sus lanes 6 and 9). The reduced migration of PC4 upon
phosphorylation (Figure 1C, lane 1) were also seen in IP
upon pulling down His-tagged H1.1 (Figure 1D, lane 3).
The mock phosphorylated PC4 without CKII in a kinase
reaction did not show any change in the migration pattern
(Figure 1C, lane 4) nor did it interact with linker histone
H1 (Figure 1E, lane 3). Similarly, in vitro interaction studies
were carried out with other somatic linker H1 variants be-
sides H1.1; H1.2, H1.3 and H1.4, that are majorly expressed
during S phase in a replication dependent manner. The so-
matic H1 variants despite having some specific functions do
share a considerable amount of functional redundancy. PC4
interacted with the H1 variants; H1.2, H1.3 and H1.4 (Fig-
ure 1F–H), only upon phosphorylation by CKII since only
P-PC4 (phosphorylated PC4) was present in the IP. Mock
P-PC4 (mock phosphorylated PC4), where PC4 had been
subjected to kinase assay without the CKII enzyme, was
not present in the IP upon pulling down His-tagged H1
variants (Figure 1F–H, lane 2 versus lane 4 for IP panel).
Further, the strength of PC4 interaction with linker histone
was quantified by isothermal titration calorimetry (Supple-
mentary Figure S1C, D). Unlike, unmodified recombinant
PC4 which did not show any significant enthalpy change
in the presence of linker histone H1.1 (Supplementary Fig-
ure S1D), phosphorylated PC4 showed a robust association
leading to significant enthalpy change, with a dissociation
constant of 5 nM (Supplementary Figure S1C) exhibiting a
one-site binding model of the isotherm. Collectively, these
data suggested that phosphorylation of PC4 is indeed crit-
ical for mediating its interaction with linker histone H1 in
vitro.

Phosphomimic PC4 (PM-PC4) interacts with linker histone
H1

As the in vitro biochemical data suggested that phosphory-
lation of PC4 is essential to interact with linker histone H1,
we further investigated the significance of this interaction in
the physiological context using a phosphomimic clone. This
was generated by two sequential site directed mutagenesis,
where the four critical serine residues 13, 15, 17 and 19 was
replaced by aspartic acid (PC4S13DS15DS17DS19D) de-
noted as PM-PC4 (Figure 2B). Concurring with previous
studies (9) these four serine residues which were predicted
to be potential CKII sites by mass spectrometric analysis
lies within the first serine rich tract and is highly conserved
as shown by sequence alignment of PC4/Sub1 across dif-
ferent species (Supplementary Figure S2A). The mobility
of the phosphomimic PC4 (PM-PC4) was found to be com-
parable to P-PC4 (phosphorylated PC4) as shown in 15%
SDS-PAGE (Figure 2A, compare lane 3 versus lane 4). In
contrast, the mobility of wild type unmodified recombinant
PC4 (PC4) and Mock P-PC4 (mock phosphorylated PC4)

was found to be faster as compared to P-PC4 or PM-PC4
(Figure 2A, compare lanes 1 and 2 with lanes 3 and 4).
Interestingly, we observed that indeed both PM-PC4 and
P-PC4 interacts with linker histone H1.2 (Figure 2D, lane
2 versus lane 3). To further understand which domain of
H1 could be critical for this interaction, an in vitro inter-
action assay was carried out using N-terminal and glob-
ular domain (�C) of linker H1.2, C-terminal and globu-
lar domain (�N) constructs of linker histone H1.2 (Fig-
ure 2C) with PM-PC4, P-PC and MockP-PC4 (Figure 2E).
The results indicate that PM-PC4 exhibits more potent in-
teraction with linker histone H1 harbouring globular do-
main along with the C-terminal domain (�N) instead of
the N-terminal (�C) (Figure 2E, lane 7 versus lane 4). The
strength of interaction between PM-PC4 with full length
linker histone H1 (FL) was found to be lesser when com-
pared to the C-terminal globular domain �N (Figure 2E,
lane 10 compared to lane 7) alone. P-PC4 also exhibits in-
teraction with �N and FL linker H1 (Figure 2E, compare
lane 7 and lane 11 respectively). PM-PC4 exhibited greater
interaction with �N (Figure 2E, compare lane 7 versus lane
8) and FL (Figure 2D, compare lane 10 versus lane 11)
compared to P-PC4. No interaction of linker histone H1
full length or its deletion constructs (�N and �C) with the
mock P-PC4 was observed (Figure 2D, lane 5 and Figure
2E, lanes 6, 9 and 12). These observations indicate that C-
terminal domain of linker H1 could be mediating its in-
teraction with PM-PC4 and P-PC4. Based on these obser-
vations, it was important to understand the status of this
interaction in a in vivo scenario. To study whether phos-
phorylation of PC4 mediates its interaction with linker hi-
stone H1 in cells, 3X-flag tagged mammalian constructs of
wild type PC4 (PC4), phosphomimic PC4 (PM-PC4) and
phospho-defective PC4 (MTP5) were ectopically expressed
in the background of PC4 knockdown (Supplementary Fig-
ure S2B). The stable knockdown of PC4 confirmed by the
GFP expression (Supplementary Figure S2B) was achieved
by shRNA mediated silencing where the shRNA was tar-
geted to the 3’UTR of the PC4 mRNA enabling us to
overexpress the clones in the knockdown background (PC4
KD). We confirmed that the PC4 expression upon transfect-
ing Flag-conjugated constructs of wild type (PC4), phos-
phomimic (PM-PC4) and phospho-mutant (MTP5) PC4 in
PC4 knockdown cells, is at an equivalent level to shNS and
higher than PC4 KD cells (Supplementary Figure S2D).
Further, the nuclear localization of all these constructs
(Supplementary Figure S2C) indicates that the results ob-
tained from the transient transfection closely resemble the
in vivo situation. Subsequently, through flag immuno-pull
down of different PC4 constructs, it was observed that both
wild type PC4 and PM-PC4 could efficiently interact with
linker histone H1 (as shown by probing with either H1.2
variant specific or with pan H1 antibody) (Figure 2F and
G respectively). The phospho-defective mutant MTP5 how-
ever failed to interact with linker histone H1 (Figure 2F
and G). However, the expression of the flag tagged PC4,
PM-PC4 and MTP5 proteins were found to be comparable
(Figure 2H) which emphasizes that the alteration in the as-
sociation of PC4 with linker histone H1 is phosphorylation
driven.
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Figure 2. Phosphomimic PC4 (PM-PC4) interacts with linker histone H1. (A) The mobility pattern of PM-PC4, P-PC4, Mock P-PC4 and PC4 (wild type
unmodified recombinant) in 15% SDS-PAGE stained with Coomassie. (B) Amino acid sequence of PC4 highlighting serine residues at 13, 15, 17 and
19 position mutated to aspartic acid, D, in PM-PC4 sequence (C) A diagrammatic representation of the different domains of linker histone H1.2 used
for the interaction studies. (D) In vitro interactions were performed by Ni-NTA pull down using 250 ng of phosphorylated wild type PC4, PM-PC4 and
phospho-defective mutant (MTP5) with His tagged linker histone H1.2 (E) In vitro interactions were carried out with different domains of His-tagged H1.2:
N-terminal globular domain (�C), C-terminal globular domain (�N) and full length (FL) with PM-PC4, P-PC4 and MockP-PC4 by Ni-NTA pull down
and probed with anti-His and anti-PC4 antibodies.(F and G) Immuno-pulldown using Flag antibody carried out in PC4, PM-PC4 and MTP5 expressing
293cells in PC4 knockdown background and probed with both H1.2 variant specific (F) as well as with pan H1 (G) antibody to detect H1 in the IP. (H)
The expression of different Flag-tagged PC4 constructs in PC4 knockdown HEK293 cells were checked by anti-flag antibodies.
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Phosphomimic PC4 promotes condensation of an in vitro re-
constituted nucleosomal array

Upon establishing that phosphorylation of PC4 is essential
for its interactions with the linker histone H1, both in vitro
and in vivo, we wanted to address the role of PC4 phospho-
rylation in its chromatin compaction functions. At the onset
we reconstituted a nucleosomal array using 12 × 177bp of
601 DNA and recombinant Xenopus core histones which
was subsequently characterized by metal shadowing fol-
lowed by Electron Microscopy (EM) imaging (Figure 3A).
The EM images clearly showed presence of 12-nucleosome
containing arrays with varying degrees of compaction. The
close-up view of two such arrays encircled in green and
red with the representation of their nucleosome positions
alongside indicate the different degrees of compaction (Fig-
ure 3A). In order to study the effect of wild type unmod-
ified recombinant PC4 or PM-PC4 protein-mediated nu-
cleosomal compaction, the recombinant proteins were in-
dividually incubated with the nucleosomal array and sub-
jected to sedimentation velocity analysis by analytical ultra-
centrifugation or imaging by EM. The compaction of the
nucleosomal array analysed by sedimentation velocity an-
alytical ultracentrifugation showed that the PM-PC4 incu-
bated nucleosomal array reaches higher sedimentation coef-
ficient value as compared to the array incubated with wild
type unmodified recombinant PC4 (by ∼7S) (Figure 3B).
Further, concentration-dependent increase in compaction
of the nucleosomal array mediated by PM-PC4 was ob-
served (Supplementary Figure S3A and B). The sedimen-
tation coefficient values at a 50% boundary fraction were
plotted against the stoichiometric ratio of PC4 or PM-PC4
to the nucleosome core particle (NCP) is represented in Fig-
ure 3C. The data clearly indicates that PM-PC4 significantly
increases the level of compaction of the nucleosome array
in vitro than PC4 (wild type unmodified recombinant) (Fig-
ure 3B and C), despite the relative levels of both the pro-
teins binding to the array being similar as seen in the SDS-
PAGE (Supplementary Figure S3I). Upon visualizing the
PM-PC4 or PC4 (wild type unmodified recombinant) in-
cubated nucleosome array by EM imaging, we observed
that in agreement with the sedimentation velocity analysis,
the EM images also showed highly condensed nucleosome
array formation in vitro by PM-PC4 as compared to PC4
(wild type unmodified recombinant) (Figure 3D, E). One
of the condensed nucleosome arrays has been zoomed in
to represent the highly compacted ordered arrays formed
by PM-PC4 as compared to the unmodified recombinant
PC4 (Figure 3D and E). To quantify the comparative ef-
fects of PM-PC4 and PC4 (wild type unmodified recombi-
nant) on chromatin compaction, we measured the diameter
of the condensed nucleosome arrays using ImageJ software,
counting 20–30 particles from five different fields. The di-
ameter of each condensed array was measured from its one
end to the other using ImageJ software. The scale of the dis-
tance measured in ImageJ was set in reference to the scale
bar of the image. The diameter distribution of the PM-PC4
bound array ranged between 30 and 60 nm, which was sig-
nificantly lower than the unmodified recombinant PC4 indi-
cating that more compacted arrays are formed by PM-PC4
(Figure 3F). The EM images of PM-PC4 versus PC4 (wild

type unmodified recombinant) bound array indicates initia-
tion of compaction by PM-PC4 at 1uM concentration (Sup-
plementary Figure S3C versus S3D, Supplementary Fig-
ure S3K), which reaches maximal compaction at 1.65uM
concentration. However, at these concentrations, PC4 (wild
type unmodified recombinant) showed minimal effect on
the nucleosome array (Figure 3D-F). EM images of nucle-
osome array bound with increasing concentration of PM-
PC4 versus PC4 suggests that PM-PC4 forms ordered struc-
tures of smaller diameter till 2.5uM, unlike PC4 (Supple-
mentary Figure S3E, F, J). However, upon increasing the
molar concentration to 3.3uM PM-PC4 begins to form ag-
gregated structures (Supplementary Figure S3G, H). Thus,
these data collectively showed that PM-PC4 has a better
compaction ability, forming highly compacted arrays, as
compared to the wild type unmodified recombinant PC4.

Phosphorylation enhances PC4 mediated condensation of H1
bound array forming higher order structures

Linker H1 is an important component of the chromatin that
not only stabilises the nucleosomal structure and spacing
(3,34) but it also functions through interactions with other
proteins which in turn brings about chromatin modifica-
tion and regulates heterochromatin formation. Since we ob-
served that linker histone H1 interacts with PC4 only when
it is phosphorylated, we wanted to study whether phospho-
mimic PC4 (PM-PC4) and wild type unmodified recombi-
nant PC4 (PC4) could complement linker H1 in mediating
compaction of array into highly compacted fibers. Previous
studies have already shown that H1 could condense nucle-
osome array into compact fibers when ratio of H1 to nu-
cleosomal core particle (H1:NCP) is 1 (18). Therefore we
selected H1-bound nucleosome array at a sub-optimal ra-
tio, 0.5, of H1 to Nucleosome core particle (NCP), where it
does not exhibit complete compaction (Supplementary Fig-
ure S4A and B) followed by complementation with either
PM-PC4 or wild type unmodified recombinant PC4 at an
optimal concentration of 1uM (Supplementary Figure S4C
or D) that did not augment precipitation of the nulceoso-
mal DNA. The sedimentation velocity analysis showed that
PM-PC4 complements H1 acquiring higher sedimentation
coefficient value as compared to PC4 (wild type unmodi-
fied recombinant) (by ∼6S) (Figure 4A, B). Thus, PM-PC4
could condense H1 containing array to form highly com-
pacted chromatin fibers unlike PC4 (wild type unmodified
recombinant) at the concentration used. EM imaging sug-
gested that at the indicated concentrations, the proteins H1
(Supplementary Figure S4A-B), PM-PC4 and PC4 (Supple-
mentary Figure S4C and D, respectively) could not form
compacted fibers alone; but in presence of PM-PC4, H1
was able to form highly compacted fibers (Figure 4C, F
and E) unlike with unmodified recombinant PC4 (Figure
4D, G and E). PM-PC4 further compacted the H1-bound
array into condensed higher order structures (Figure 4C
and F) resembling chromatin fibers, indicating that PM-
PC4 is involved in higher order chromatin organisation.
On the other hand, PC4 (wild type unmodified recombi-
nant) was unable to further compact H1-bound array which
still exhibited unfolded nucleosome array formation (Figure
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Figure 3. Phosphomimic PC4 promotes condensation of an in vitro reconstituted nucleosomal array. (A) EM image of nucleosomal arrays after metal
shadowing. Two dodecameric arrays, marked in green and red circles within the overview EM image, shown in a close up view alongside. The models of
representative 12 × 177 oligonucleosomes of the two indicated arrays with green and red borders shown alongside. (B) Sedimentation velocity analysis by
analytical ultracentrifugation of PM-PC4 (phosphomimc PC4) and PC4 (wild type unmodified recombinant) incubated chromatin arrays. A nucleosome
array without any ectopic addition of protein was used as a control. (C) Sedimentation coefficient values from panel C represented for the nucleosome
core particle (NCP) containing increasing concentrations of PM-PC4 and PC4 at a 50% boundary fraction (n = 3). Data represent the means ± SEM.
The S50%(S) were statistically analysed by Student’s paired t-test (*P < 0.05,**P < 0.01,***P < 0.001, ns-non-significant). (D, E) EM images of PM-
PC4 (phosphomimc PC4) and PC4 (wild type unmodified recombinant) incubated nucleosome array respectively. Two condensed arrays from each of the
respective overview EM images have been encircled in red (for PM-PC4 bound array) and yellow (for PC4 bound array) circles and their close up view has
been shown below. (F) Distribution of diameters (in nm) of PM-PC4 and PC4 bound compacted array particles. No. of particles measured = 142. Data
represent the means ± SD. The S50%(S) were statistically analysed by Student’s unpaired t-test (*P < 0.05,**P < 0.01,***P < 0.001, ns-non-significant).
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Figure 4. Phosphorylation enhances PC4 mediated condensation of H1 bound array forming higher order structures. (A) Sedimentation velocity analysis
by analytical ultracentrifugation of H1 bound to nucleosome array at 0.5 ratio (H1:NCP) with 1 uM of PM-PC4 (phosphomimic PC4) and PC4 (wild type
unmodified recombinant). A nucleosome array without any any ectopic addition of protein was used as a control. (B) Sedimentation coefficient values from
the panel A,at a boundary fraction of 50% (n = 3). Data represent the means ± SD.The S50%(S) were statistically analysed by ordinary one-way ANOVA,
Sidak’s multiple comparisons test as well as Student’s paired t-test (*P < 0.05,**P < 0.01,***P < 0.001, ns, non-significant (C, D) EM images showing the
overview of the structures formed upon PM-PC4 (phosphomimic PC4) (1 uM) and PC4 (wild type unmodified recombinant) (1 uM) mediated compaction
of H1-array respectively. (E) Distribution of diameters (in um) of PM-PC4 (phosphomimic PC4) and PC4 (wild type unmodified recombinant) compacted
H1 bound array particles. No. of particles measured = 132. Data represent the means ± SD. The S50%(S) were statistically analysed by Student’s unpaired
t-test (*P < 0.05,**P < 0.01,***P < 0.001,ns-non-significant). (F, G) The close up view showing the EM image of two H1 bound array compacted by 1uM
of PM-PC4 and PC4 respectively.
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4D and G, Supplementary Figure S4E). The correspond-
ing SDS-PAGE of the arrays also indicate that PM-PC4 is
bound to the array in the presence of linker H1 but not PC4
(wild type unmodified recombinant) (Supplementary Fig-
ure S4G). The diameter of PM-PC4 bound H1-array was
significantly smaller than the unmodified recombinant PC4
bound H1-array (Figure 4E). PM-PC4 started aggregating
H1-bound chromatin at a concentration (1.65 uM) where
unmodified PC4 began to compact H1-bound array (Sup-
plementary Figure S4F). These results indicate the ability
of PM-PC4 to further compact and assist linker histone H1
to form higher order structures. Thus, phosphorylation as-
sists PC4-mediated compaction function and thereby com-
plementing another chromatin protein such as linker H1 to
form higher order nucleosomal structures.

Phosphorylation of PC4 regulates chromatin compaction and
consequent histone modification status

In order to understand the role of phosphorylation of PC4
in mediating chromatin condensation in vivo, we performed
Micrococcal nuclease (MNase) accessibility assays of the
cellular chromatin following stable transfection of 3X-flag
tagged mammalian constructs of PC4, PM-PC4 and MTP5
in PC4 knockdown HEK293 cells. In agreement to our pre-
vious report, we found that knocking down of PC4 indeed
results in chromatin decompaction, as revealed by more effi-
cient digestion by MNase and generation of higher amount
of mononucleosomes compared to the vector control cell
line (shNS) (Figure 5A, lane 3 versus lane 1 and lane 4 ver-
sus lane 2 and Figure 5B, C). PC4 and PM-PC4 transfec-
tion in PC4 KD cells significantly induced chromatin com-
paction as revealed by higher intensity of undigested chro-
matin DNA (Figure 5A, lane 3 versus lanes 5 and 7 re-
spectively, lane 4 versus lanes 6 and 8 respectively and Fig-
ure 5C) and lower mono-nucleosome intensity compared to
PC4 KD cells (Figure 5A, lane 3 versus lanes 5 and 7 re-
spectively, lane 4 versus lanes 6 and 8 respectively and Fig-
ure 5B). However, transfection of MTP5 into PC4 KD cells
did not alter the MNase accessibility of PC4 KD cells (Fig-
ure 5A, lane 3 versus lane 9, lane 4 versus lane 10). This
is evident from the intensity of mono-nucleosome (Figure
5B) and undigested chromatin DNA (Figure 5C) in MTP5
expressing cells compared to PC4 KD. The band intensity
profile for each of the lanes shown in Supplementary Figure
S5 clearly indicates higher intensity of mononucleosome for
PC4 KD and MTP5 transfected cells, whereas the intensity
of mononucleosome in shNS, PC4 and PM-PC4 transfected
cells is lower (the band intensity profile pattern is from the
top of the lane till the bottom of the lane, therefore the peak
at the end corresponds to the mononucleosome) despite the
total amount of digested chromatin DNA loaded onto the
gel being similar across all the samples (Figure 5D).

Similar to our MNase sensitivity results, circular dichro-
ism spectroscopy analysis showed significant decrease in the
mean residue ellipticity value for linker H1 stripped HeLa
cell chromatin upon incubation with P-PC4 compared to
unmodified PC4 for 30 mins (Supplementary Figure S6A
and B) implying greater condensation. These results indi-
cate the probable role of PC4 phosphorylation in induc-

ing chromatin compaction thereby maintaining higher or-
der chromatin structure in vivo.

Since, analytical ultracentrifugation, electron microscopy
and MNase sensitivity assays showed that phosphorylation
of PC4 is critical for maintaining the condensed state of
chromatin both in vitro and in cells, we were interested to
find out whether phospho-PC4, is also required for main-
taining the histone modification status in cells. Knocking
down (KD) of PC4 exhibited alteration in the epigenetic
state of the cell showing enhanced levels of activation marks
like histone H3 lysine9 acetylation (H3K9ac) (Figure 5E,
F), histone H3 lysine 4 trimethylation (H3K4me3) (Fig-
ure 5E and G). Concurring with greater chromatin decom-
paction observed in PC4 KD cells (Figure 5A–C), they also
exhibited significant reduction in heterochromatin mark,
histone H3 lysine di-methylation (H3K9me2) (Figure 5E
and H). The H3K9ac and H3K4me3 are the signatures of
transcriptional active marks present at the gene promot-
ers. The activation marks, H3K9ac and H3K4me3, remark-
ably reduced upon transfection of PC4 and PM-PC4 (Fig-
ure 5E–G) as compared to PC4 KD cells but not in cells
transfected with MTP5 (Figure 5E-G). The heterochro-
matin mark H3K9me2, which is indicative of more con-
densed chromatin state, significantly increased in PC4 and
PM-PC4 transfected PC4 KD cells but not in case of MTP5
transfection (Figure 5E and H). Thus, transfecting PC4 and
PM-PC4 in PC4 KD cells, significantly restored the histone
modification state of the PC4 KD cells (Figure 5E–H). In
contrast, MTP5, the phospho-deficient mutant PC4 could
not alter the histone modification marks significantly (Fig-
ure 5E–H). These results thus clearly indicate the signifi-
cant role of PC4 phosphorylation in maintaining chromatin
compaction and thereby mediating an epigenetically repres-
sive chromatin state inside the cells.

Earlier studies suggested that PC4 interacts preferentially
with histone H3 and H2B which might contribute to PC4
mediated chromatin condensation (7). Therefore, we stud-
ied the effect of PC4 phosphorylation on its interaction
with core histones. Flag immuno-pull down from chromatin
fraction enriched in histones, showed that PC4 and PM-
PC4 exhibited greater interaction with histone H3 and H2B
(Supplementary Figure S6C, lane 1 and lane 2) whereas
MTP5 showed no interaction with H2B upon respective
pull-down assays (Supplementary Figure S6C, lane 3). Per-
haps MTP5 does not compact the chromatin efficiently like
PC4 and PM-PC4 (Figure 7A–C, F) as a result of its dif-
ferential interaction with both core histones and linker H1.
These results collectively suggest that in the cellular context
phosphorylation of PC4 might have greater impact than just
interaction with linker histone H1, resulting in the com-
paction of the chromatin.

Phosphorylation of PC4 affects chromatin accessibility of
various genomic regions harboring diverse histone marks

Based on the compaction studies of both nucleosome tem-
plate as well as on chromatin DNA assessed by MNase
sensitivity and CD spectroscopy, it was evident that phos-
phorylation regulates the chromatin compaction function
of PC4. After exploring the role of PC4 phosphorylation
through biochemical approach, we wanted to address its
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Figure 5. Phosphorylation of PC4 regulates chromatin compaction and consequent histone modification status. (A) PC4 knockdown 293 cells were trans-
fected with the indicated plasmids and chromatin fractions were extracted and analyzed by micrococcal nuclease (MNase) sensitivity assay. (B) Quantifi-
cation of band signal intensities corresponding to mono-nucleosome for every lane shown in (A) normalised to its total lane intensity (n = 2). (C) Quantifi-
cations of lane signal intensities corresponding to undigested genomic DNA (above the fifth band, >N5, starting from the bottom) for every lane shown in
(A) normalised to its total lane intensity (n = 2). (D) Quantifications of total lane signal intensities in (A) (n = 2). Data represent the means ± SD. The data
is statistically analysed by two-way ANOVA, Dunnett’s multiple comparisons test (*P < 0.05,**P < 0.01,***P < 0.001,ns-non-significant). (E) Levels of
different histone modifications checked by western blotting after transfecting PC4, PM-PC4 and MTP5 plasmids in PC4 knockdown cells. (F) Volcano plot
of the differential ATAC–seq peaks between PC4 KD and PC4. (F–H) Quantification of levels of different histone modifications (n = 3). Data represent
the means ± SD.The data is statistically analysed by ordinary one-way ANOVA, Sidak’s multiple comparisons test (*P < 0.05,**P < 0.01,***P < 0.001,ns-
non-significant).
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Figure 6. Phosphorylation of PC4 affects chromatin accessibility of various genomic regions harbouring diverse histone marks. (A) Gene type annotation
of the differentially depleted ATAC-seq peaks assessed in PC4 KD with respect to shNS and assessed in PC4, PM-PC4 and MTP5 expressing knockdown
cells with respect to PC4 KD. (B) Gene type annotation of the differentially enriched ATAC-seq assessed in PC4 KD with respect to shNS and assessed
in PC4, PM-PC4 and MTP5 expressing knockdown cells with respect to PC4 KD. (C) Annotation of the differential ATAC-seq peaks in PC4 KD, PC4,
PM-PC4 and MTP5 expressing PC4 KD cells across the different functional regions of the genome. (D) Volcano plot of the differential ATAC–seq peaks
obtained in PC4 expressing knockdown cells in comparison to PC4 KD. (E) Volcano plot of the differential ATAC–seq peaks obtained in PM-PC4
expressing knockdown cells in comparison to PC4 KD. (H) Volcano plot of the differential ATAC–seq peaks obtained in MTP5 expressing knockdown
cells in comparison to PC4 KD. The blue and red dots in (D–F) represent the differential ATAC-seq peaks whose read density decreased and increased
respectively by 1.5-fold or more (adjusted P < 0.05 and log2(Fold change) > 1.5 or log2(Fold change) < –1.5). The top 10 significantly altered ATAC-seq
peaks for each of the comparisons in (D–F) has been marked. Additionally, ATAC-seq peaks that are associated with autophagy and are unique to each
comparison have been marked in (D-F). These genes are referred later in the subsequent sections. (G–K) Average ATAC-Seq read density profiles of shNS,
PC4 KD, PC4, PM-PC4 and MTP5 respectively showing normalized RPKM ± 3Kb of TSS/average gene peak centers.
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Figure 7. Phosphorylation of PC4 affects gene transcription by inhibiting chromatin accessibility. (A, B) Integrative Genomics Viewer (IGV) images
showing ATAC-seq intensities in shNS, PC4 KD, PC4, PM-PC4 and MTP5 cells, on representative loci of two autophagy genes UVRAG and MAP3K7
respectively along with the published histone modification ChIP seq tracts in HEK293 cells (81–83). (C) Integrative Genomics Viewer (IGV) images
showing ATAC-seq intensities in shNS, PC4 KD, PC4, PM-PC4 and MTP5 cells, on representative loci of the acetylated histone reader and regulator,
YEATS2, along with the published histone modification ChIP seq tracts in HEK293 cells (81–83). (D) Relative expression of UVRAG, IPMK, MAP3K7
and YEATS2 in PC4 KD and PC4 knockdown cells stably-transfected with flag tagged PC4, PM-PC4 or MTP5 along with shNS (vector control cells)
determined by real-time PCR. All data represent the means ± SD for n = 3. The data is statistically analysed by ordinary one-way ANOVA, Sidak’s multiple
comparisons test (*P < 0.05,**P < 0.01,***P < 0.001, ns, non-significant). (E) ChIP-qPCR to analyze the fold enrichment for Flag tagged PC4, PM-PC4
and MTP5 over the differentially depleted ATAC-seq peaks of the corresponding genes; UVRAG, IPMK and MAP3K7. Flag antibody was used to pull
down sonicated chromatin. All the values of fold enrichment were normalized to IgG control and HNF4A gene was taken as a negative control chromatin
region. All data represent the means ± SD for n = 3. The data is statistically analysed by ordinary one-way ANOVA, Sidak’s multiple comparisons test
(*P < 0.05,**P < 0.01,***P < 0.001, ns, non-significant). (F) Integrative Genomics Viewer (IGV) images showing ATAC-seq intensities in shNS, PC4 KD,
PC4, PM-PC4 and MTP5 cells, on representative loci of IPMK, a PI3 Kinase and transcription co-activator regulating nuclear signaling events, along with
the published histone modification ChIP seq tracts in HEK293 cells (81–83). (G) Relative expression of pro-autophagy genes ULK1, ULK2, AMPKα1,
AMPKα2 and DRAM1 that are regulated by MAPK signalling and IPMK regulated PI3kinase-Akt signalling and (H) Relative expression of neural genes
SCN2, M4 and GAD1 along with PC4 gene expression in PC4 knockdown cells stably-transfected with flag tagged PC4, PM-PC4 or MTP5 along with
PC4 KD and shNS (vector control cells) determined by real-time PCR. All data represent the means ± SD for n = 3. The data is statistically analysed by
ordinary one-way ANOVA, Sidak’s multiple comparisons test (*P < 0.05,**P < 0.01,***P < 0.001, ns, non-significant).
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impact on the genomic organisation and its physiological
implications. Therefore, we carried out ATAC-seq of the
PC4, PM-PC4 and MTP5 expressing PC4 KD cells along
with PC4 KD and shNS cells. The intensity of the ATAC-
seq peaks obtained for PC4 KD cells were compared to
shNS cells to assign the differential ATAC-seq peaks. The
intensity of the ATAC-seq peaks obtained for PC4, PM-
PC4 and MTP5 expressing in PC4 KD cells were com-
pared to PC4 KD cells to assign the differential ATAC-seq
peaks. Gene-type annotation of the differentially accessible
peaks in PC4, PM-PC4 and MTP5 expressing cells indi-
cates that besides protein coding genes, the chromatin of a
substantial number of non-coding genes including long in-
tergenic non-coding RNAs (lincRNAs), microRNA (miR-
NAs), anti-sense RNAs along with a smaller proportion of
small nucleolar RNAs (snoRNAs) and small nuclear RNA
(snRNA) are regulated by phosphorylation of PC4 (Fig-
ure 6A-B). The genomic distribution of all the differen-
tially accessible ATAC-seq peaks in PC4 KD, PC4, PM-
PC4 and MTP5 expressing cells is shown in Figure 6C.
Interestingly, PC4 regulates chromatin opening majorly in
the intronic regions, followed by promoter-TSS and inter-
genic chromatin (Figure 6C). The open chromatin profile of
PC4, PM-PC4 and MTP5 transfected PC4 KD cells shows
higher number of ATAC-seq peaks that are significantly
depleted than enriched with respect to PC4 KD (adjusted
P < 0.05) log2(Fold change) < –1.5) (Figure 6D–F). How-
ever, the ATAC-seq read density profiles imply lesser acces-
sibility of the chromatin upon PC4 and PM-PC4 expression
in PC4 KD cells (Figure 6I, J) unlike upon MTP5 expres-
sion (Figure 6K). The ATAC-seq read density profiles of
PC4 and PM-PC4 transfected PC4 KD cells show compa-
rable ATAC-seq signal to shNS cells (Figure 6I, J and G) but
lower than PC4 KD cells (Figure 6H). The ATAC-seq read
density profile of MTP5 and PC4 KD cells depict compara-
ble ATAC-seq signal (Figure 6H and K), which is lower than
shNS cells (Figure 6G, H and K). Taken together, these re-
sults show that phosphorylation of PC4 reduces chromatin
accessibility of the genome. The differentially accessible
ATAC-seq peaks in PC4, PM-PC4 transfected cells revealed
autophagy associated genes (UVRAG, IPMK, MAP3K7,
BECN1P1) to be more compacted relative to PC4 KD (Fig-
ure 6D, E). A list of the top 15 significantly altered ATAC-
seq peaks in PC4, PM-PC4 and MTP5 expressing PC4 KD
cells show that chromatin regions of various non-coding
RNA genes (Y RNA, LINC30019, MIR585) are affected
in PC4 phosphorylation dependent manner (Supplemen-
tary Figure S7A–C). There are, however, several overlap-
ping chromatin regions compacted by all the three proteins
(PC4, PM-PC4 and MTP5) as well as some unique chro-
matin regions that are exclusive to each cell type (Figure
6D–F and Supplementary Figure S7A–C).

We have observed that absence of PC4 and also expres-
sion of PM-PC4 (in PC4 knockdown cells) alter the his-
tone modification status in cells (Figure 5E–H), therefore
we further characterised the genomic regions compacted
by PC4, PM-PC4 and MTP5 upon overlapping with chro-
matin bound peaks of a transcriptional activation mark,
H3K4me3; an enhancer mark, H3K27ac and a heterochro-
matin mark, H3K9me3 from the available ChIP-seq data
of HEK293 cells. Remarkably, around 40 percent of the

PC4, PM-PC4 and MTP5 regulated genomic regions over-
lapped with merely 5% of the global histone modification
marks: H3K4me3, H3K9me3 and H3K27ac (Supplemen-
tary Figure S7D–F). Around 25–30% of the genomic re-
gions where the chromatin opening is reduced by PC4, PM-
PC4 and MTP5 accounts for half of the overlap or around
2.5% of the global histone marks (H3K4me3, H3K9me3
and H3K27ac) as represented in the Venn diagram repre-
sentation (Supplementary Figure S7G–I). These findings
are suggestive of two important implications: firstly, PC4
phosphorylation regulated chromatin regions harbor both
heterochromatin (H3K9me3) as well as active (H3K4me3)
chromatin marks (Supplementary Figure S7D–I) and sec-
ondly, PC4 phosphorylation may affect the histone mod-
ification state predominantly in the intronic regions, fol-
lowed by intergenic and promoter–TSS regions. Intronic
chromatin and more specifically the first introns which con-
stitutes majority of the phospho-PC4 depleted peaks (Fig-
ures 6C, 7B–F and Supplementary Figure S8B), is known
to harbor higher density of chromatin marks affecting gene
expression (35) as also observed in this study Figure 7D.

These results collectively suggest that PC4 phosphoryla-
tion impacts genome organisation through compaction of
both protein coding and non-coding genes.

Phosphorylation of PC4 affects gene transcription by inhibit-
ing chromatin accessibility

The open chromatin profile assayed by ATAC-sequencing
revealed that phosphorylation of PC4 plays an important
role in affecting accessibility of diverse chromatin regions
and were supported by MNase sensitivity studies and hi-
stone modification levels. We were therefore, interested to
study the implications of phospho-PC4 mediated chro-
matin compaction on gene expression. Gene Set Enrich-
ment Analysis (GSEA)-defined KEGG pathway analysis
obtained from mapping the differential ATAC-seq peaks
present in PC4 and PM-PC4, but absent in MTP5, indicated
that several signaling pathways like autophagy, MAPK sig-
naling, metabolic pathways as well as microRNAs con-
tributing to tumorigenesis are significantly less accessible as
compared to PC4 KD (Supplementary Figure S8A). This is
also observed in the IGV images showing reduced ATAC-
seq intensities of two important regulators of autophagy;
UVRAG and MAP3K7 (36,37) in shNS, PC4 and PM-PC4
cells compared to PC4 KD and MTP5 (Figure 7A-B). We
also observed similar accessibility differences in the chro-
matin region of IPMK gene (Figure 7F) and a core au-
tophagy gene, ATG5 (Supplementary Figure S8B). IPMK
encodes for inositol polyphosphate multi-kinase which is
a critical metabolic sensor that directly integrates glucose
signaling to the activation of the AMPK pathway (38).
IPMK has been reported to enhance autophagy-related
transcription by stimulating AMPK-dependent Sirt-1 acti-
vation (39,40). We observed that intronic region of IPMK
gene is indeed more closed in PC4 and PM-PC4 transfected
knockdown cells as compared to PC4 KD and MTP5 (Fig-
ure 7F) cells. Besides autophagy and signaling pathway as-
sociated genes, we observed phosphorylation dependent re-
duction in the chromatin accessibility of an epigenetic reg-
ulator, YEATS2 gene (Figure 7C). YEATS2 binds to acety-
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lated histone H3 via its YEATS domain is part of the ATAC
complex and is required for the maintenance of the global
H3K9ac levels in cells and knockdown of YEATS2 revealed
marked reduction in global H3K9ac levels (41). Both PC4
and PM-PC4 expression not only exhibited greater com-
paction of YEATS2 gene (Figure 7C) but also resulted in
YEATS2 gene repression (Figure 7D) which is induced in
PC4 KD and MTP5 expressing KD cells (Figure 7D).

Gene expression of the representative chromatin regions
which are compacted in PC4 and PM-PC4 but not in MTP5
expressing PC4 KD cells as compared to PC4 KD indicated
that phosphorylation dependent chromatin compaction re-
sulted in gene repression (Figure 7D). On the other hand,
MTP5 showed minimal effect on the chromatin accessibil-
ity as compared to PC4 KD, thus inducing the expression
of these genes (Figure 7D). The compaction efficiency of
PC4 and PM-PC4 cells was correlative to their significant
enrichment on to these chromatin regions unlike MTP5, as
indicated by ChIP-PCR conducted upon immunoprecipi-
tating Flag tagged-PC4/PM-PC4/MTP5 bound chromatin
using Flag antibody (Figure 7E). However, no significant
enrichment was observed for PC4, PM-PC4 and MTP5 for
a gene, HNF4A, that is not differentially compacted by ei-
ther of these three constructs expressing cells (Figure 7E).

We argued that the implications of PC4 phosphorylation-
mediated chromatin compaction was not only imposed on
the expression of the genes whose chromatin regions were
inaccessible upon PC4 and PM-PC4 expression, but the ef-
fect could be indirectly translated to downstream event(s).
To this end, we studied the expression of pro-autophagy
genes ULK1, ULK2, AMPKα1, AMPKα2 and DRAM1
which are directly regulated by IPMK as well as MAPK
signalling pathways (40,42,43). IPMK also act as a tran-
scriptional co-activator of p53-dependent transcription in
inducing cell death (44) and p53 has been shown to upregu-
late ULK1 and ULK2 gene expression in response to DNA-
damage induced autophagy (45). We found that the expres-
sion of the pro-autophagy genes is indeed induced upon
PC4 KD or MTP5 expression but repressed significantly by
PC4 and PM-PC4 which were comparable to the levels of
vector control cells (shNS) (Figure 7G).

Earlier studies have shown the involvement of PC4 in
REST-CoREST-mediated repression of neuronal gene ex-
pression in non-neuronal cells (46). Silencing of PC4 has
been shown to induce histone acetylation at the promoter of
neural specific gene, sodium channel 2 (SCN2) and showed
reduced REST-CoREST occupancy at the SCN2 promoter
(46). Here as we observe that phosphorylation of PC4 is
involved in chromatin compaction and knocking down of
this protein induces histone H3 acetylation at lysine residue
9 (H3K9ac) (Figure 5E-F). We observed that SCN2 and
M4 genes’ expression were significantly upregulated in PC4
KD and MTP5 expressing PC4 KD cells as compared to
shNS but showed no significant difference with PC4 and
PM-PC4 expressing PC4 KD cells. However, upon trans-
fection of MTP5 in PC4 KD cells SCN2 and M4 expression
remained significantly high as compared to shNS cells, sug-
gesting that the repression of these neural genes occurred
in a PC4-phosphorylation dependent manner (Figure 7H).
However, such significant differences upon complementing
PC4 and PM-PC4 was not observed for another REST tar-

get gene GAD1, whose expression remains unchanged upon
PC4 KD (Figure 7H). Besides expression of the autophagy
genes that are regulated as a result of the differential com-
paction by phospho-PC4 versus phospho-defective mutant
PC4, there are also these neural genes that are repressed due
to differential interaction of PC4 with another heterochro-
matin protein HP1� (data not shown).

To establish the functional link between the differential
chromatin opening of the core autophagy genes UVRAG
(Figure 7A), ATG5 (Supplementary Figure S8B), the ex-
pression results of the downstream pro-autophagy genes
(Figure 7D) and the cellular autophagy status, we looked
into the Microtubule-associated proteins 1A/1B light chain
3B (LC3) and Sequestosome-1 (p62) levels (Supplementary
Figure S8C). The conversion of LC3I to lipidated LC3II
form reflects the induction of the autophagy process, which
was upregulated in PC4 KD cells but decreased upon ex-
pressing Flag tagged PC4, PM-PC4 (Supplementary Figure
S8C, lane 2 versus lanes 3 and 4) but not by MTP5 (Supple-
mentary Figure S8C, lane 2 versus lane 5). The degrada-
tion of the autophagosomal adaptor protein, p62, which is
indicative of the autophagic flux, was found to be signifi-
cantly higher in PC4 and PM-PC4 expressing knockdown
cells compared to PC4 KD but comparable to shNS cells.
However, this did not happen in MTP5 expressing knock-
down cells. MTP5 expression in PC4 knockdown back-
ground resulted in similar levels of p62 expression as com-
pared to PC4 KD cells (Supplementary Figure S8C, lane 2
versus lane 5). Thus, these results indicate that both induc-
tion of autophagy (LC3II) as well as autophagic flux (p62)
is regulated by phosphorylated PC4 (Supplementary Figure
S8C) through chromatin compaction, wherein its interac-
tions with other chromatin proteins may play a critical role
(Figure 8).

DISCUSSION

Post-translational modifications of proteins often act as the
fine tuners of their functions which result in greater im-
plications on the cellular processes. Phosphorylation of hi-
stones is one such example that has impacted chromatin
structure in response to DNA damage (47) or during meio-
sis and mitosis (48–51). Phosphorylation of linker H1 has
been shown to assists RNAP I and RNAP II-dependent
transcription (52–54). Here, the implications of phosphory-
lation of a non-histone chromatin protein, human positive
coactivator 4, PC4, has been addressed. We were intrigued
by the observation that despite phosphorylation of PC4
negatively impacting its coactivation function (9,16,17), it is
majorly present in the phosphorylated state inside the cells.
The present study shows that phosphorylation of PC4 could
be critically linked to genome compaction and organiza-
tion. One of the significant observations made in this study
is that phosphorylation is crucial for its interaction with
chromatin protein, linker histone H1 (Figure 1D and Sup-
plementary Figure S1A, B), and its different variants (Fig-
ure 1F–H) (with a Kd value of 5nM as shown by ITC) (Sup-
plementary Figure S1C). The phosphorylation dependent
interaction of PC4 with both H1 and core histones (Sup-
plementary Figure S6C) is an attributing factor in defining
PC4 mediated chromatin compaction as observed in in vitro



Nucleic Acids Research, 2022, Vol. 50, No. 11 6133

Figure 8. Model depicting PC4 mediated chromatin organisation upon phosphorylation. (A) Nucleosome array bound by linker H1 folds into highly
compacted chromatin in the presence of Phosphomimic-PC4 (PM-PC4) (B) Nucleosome array bound by H1 forms partially folded array in the presence
of unmodified PC4. (C) Silencing of PC4 leads to opening of the chromatin and subsequent gene activation in cells. This phenomenon is rescued upon
expressing PC4, that is phosphorylated inside cells, and PM-PC4, as they mediate chromatin compaction and reinstate the repressed chromatin state. On
the other hand, expression of Phospho-mutant PC4 (MTP5) fails to compact the chromatin and repress the genome, activated upon PC4 knockdown.

nucleosomal array compaction assays as well as in cellular
system.

Our ATAC-seq data suggest that PC4 regulates chro-
matin opening majorly in the intronic regions, followed by
promoter-TSS and intergenic chromatin (Figure 6C). A re-
cent study shows that dynamic intron retention (IR) reg-
ulates gene expression and increased chromatin accessibil-
ity contributes substantially to this in a cell-specific manner
(55). The importance of genomic introns is slowly emerg-
ing as they serve as repositories for cis elements, participat-
ing in transcriptional regulation and genome organization
(56,57). Several specific intron-hosted DNA elements such
as enhancers (58–61), or silencers (58,62,63) have been iden-
tified that modulate the function of the main upstream pro-
moter (64,65). Such regulatory elements are found within
the first intron (58–66) which also exhibits the highest den-
sity of regulatory chromatin marks (35). Interestingly ma-
jority of the phospho-PC4 mediated chromatin compaction
occurred within the first intron. We observe diverse histone
modification marks to be present on the intronic chromatin
compacted by PC4 phosphorylation (Figure 7B, C, Supple-
mentary Figures S7F and S8B). Introns carry cis-acting ele-
ments; such as intronic splicing silencers and intronic splic-
ing enhancers which regulates alternative splicing (67,68).
Introns are also associated with nonsense-mediated decay
(NMD) of mRNAs (69). Genome compaction by a non-
histone protein like PC4 may have serious implications on
alternative splicing and mRNA processing which needs to
be explored further.

The differential ATAC-seq peaks indicate several
miRNA genes, causally linked to tumorigenesis, are specif-
ically enriched in PC4 knockdown MTP5 expressing cells.
These miRNA genes include; MIR585, MIR146A and
MIR125B1 (70–72) (Figure 6F and Supplementary Figure

S7C). There are non-coding RNA genes (LINC00491)
that are more inaccessible in wild type-PC4 and PM-PC4
expressing knockdown cells (Figure 6D, E, Supplementary
Figure S8A). Our ATAC-seq data suggests that phosphory-
lation of PC4 could indeed influence chromatin compaction
of wide array of genes (Figure 6A, B), which paves way for
exploring non-coding RNA mediated regulations of several
biological processes in specific cellular context. Collectively
these observations suggest that phospho-PC4 mediated
chromatin compaction (organization) may not be random.
There could be phospho-PC4 interactome involved in the
preferential compaction of the genome.

The multifunctional chromatin protein, PC4, presumably
play critical roles in differentiation and pluripotency (73–
75). Phospho-PC4 mediated chromatin compaction under-
scores the necessity of an overwhelming majority of the
phosphorylated form of PC4 in vivo, with the possibilities of
its involvement in determining the cellular fate by regulat-
ing the chromatin state. PC4 regulates genes that are associ-
ated with stabilization phase of reprogramming like Dppa2,
Dppa4 and Gdf3 (74). ATAC-sequencing has revealed the
chromatin regions of several such pluripotency and repro-
gramming factors like DPPA2, FGF13, FGF14 and SOX11
(76–78) to be differentially regulated by phospho-PC4 (Fig-
ure 6D–F and Supplementary Figure S7A–C).

Our study further showed that several of the differentially
regulated chromatin regions in wild type PC4 and PM-PC4
expressing cells involve signaling genes like MAP3K7 and
IPMK (Figure 7B and F). We observed that phosphoryla-
tion not only induces better compaction of these chromatin
regions but also relays repression of these genes (Figure
7D). On the other hand, expression of phospho-defective
mutant of PC4, MTP5, in knockdown background still
shows sufficient chromatin opening in these genomic re-



6134 Nucleic Acids Research, 2022, Vol. 50, No. 11

gions (Figure 7B and F), thus, favoring a transcriptionally
active chromatin state (Figure 7D). It may be reasonable to
argue that the absence of phosphorylation could result in in-
efficient chromatin binding of MTP5 (Figure 7E), possibly
due to weaker or no interaction with histones or H1.

The neural genes SCN2 and M4 which were overex-
pressed upon PC4 knockdown was observed to be repressed
upon complementing PM-PC4 and PC4, but not by MTP5
(Figure 7H). The repression of these genes could be a re-
sult of phospho-PC4 mediated compaction of the chro-
matin loci of several neuronal pathway associated genes
(Supplementary Figure S8A). However, the role of other re-
pressive factors interacting with phosphorylated PC4 can-
not be ruled out. Similarly, some of the pro-autophagy
genes which were upregulated upon PC4 silencing, were
repressed in a PC4 phosphorylation dependent manner
(Figure 7G). These are downstream effectors of genes like
IPMK, MAP3K7, or UVRAG. Phospho-PC4 reduces the
chromatin opening of the intronic region of an epigenetic
reader and regulator, YEATS2 (Figure 7C). Downregula-
tion of YEATS2 expression by PC4 phosphorylation (Fig-
ure 7D) could attribute to the reduction in the global
H3K9ac levels observed upon knockdown of PC4 (41) (Fig-
ure 5E, F). Our findings show that wild type PC4 and PM-
PC4 expression in the PC4 knockdown background not
only restores genomic compaction but also the global hi-
stone modification status (Figure 5E-H), thereby creating a
repressive chromatin state.

We establish a functional link between phospho-PC4 me-
diated compaction of upstream regulatory genes (Figure
7A, B, F and Supplementary Figure S8B) and a down-
stream cellular process, autophagy (Supplementary Figure
S8A). PC4 phosphorylation reduces the autophagy levels
in the basal state of the cell which is upregulated upon PC4
knockdown (Supplementary Figure S8C). Thus, phospho-
rylation assists in the negative regulation of autophagy by
PC4. A recent study has revealed that PC4 accumulation
occurs during ageing and accelerates the ageing process via
inhibition of autophagy (79). The implications of PC4 phos-
phorylation on cellular autophagy could affect the process
of natural ageing and would be an interesting axis to the
regulation of this newly discovered function of PC4 (79).

PC4 undergoes multiple post-translational modifications
(PTMs), these include phosphorylation by CKII (9), Au-
rora Kinase B (80) and acetylation by lysine acetyl trans-
ferase p300 (13–16) and possibly by other KATs too. In
this study we address the CKII mediated phosphorylation
which promotes its interaction with both linker histone H1
and core histones. On the other hand, p300 mediated acety-
lation induces its double stranded DNA binding, its in-
teractions with tumor suppressor, p53 and thereby its co-
activation function (14–16). Interestingly, phosphorylation
of PC4 by CKII but not Aurora kinase B inhibits its acety-
lation mediated by p300 (14) and counters the activities of
PC4 that are induced upon acetylation (9,14–17). Emerging
evidences of cross-talks of PC4 post-translational modifica-
tions (14,16) suggest that the dynamic nature of chromatin
organisation in signal dependent genome function, could be
critically regulated by the highly abundant nuclear protein,
PC4. The different players (factors): such as phosphatases
and deacetylases are yet to be identified. The cross-talks of

these modifications in the physiological context could be
highly significant.
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